Abstract: Animal wastes from high-density farming have severe impacts on the nitrogen cycle. According to current regulations, the disposal of manure on cropland is constrained by nitrogen content in the agricultural soils. On the contrary, anaerobic digestion (AD) of these wastes can produce energy and a digestate, which is easier to handle than manure and can be applied for agronomic uses. When herbaceous crops are co-digested with manure to increase the efficiency of biogas production, the nitrogen content in the digestate further increases, unless these larger plants are equipped with nitrogen stripping technologies. We propose a model to compare larger (cooperative) and smaller (single parcel) AD conversion plants. The whole process is modeled: from the collection of manures, to the cultivation of energy crops, to the disposal of the digestate. The model maximizes the energy produced on the basis of available biomass, road network, local heat demand and local availability of land for digestate disposal. Results are the optimal size and location of the plants, their technology and collection basins. The environmental performances of such plants are also evaluated. The study has been applied to the province of Forlì-Cesena, an Italian district where animal farming is particularly relevant.
Introduction
The agricultural-zootechnical sector has several impacts on the environment, particularly due to all the wastes generated by animals. Manure is in fact rich in nitrogen and in other nutrients and, when improperly managed, may cause water and soil pollution. There are strict legislations both in the EU and in the USA that aim to control nutrient leaching from manure and from other sources of nitrogen, such as fertilizers (Directive 91/676/EEC and US Clean Water Act). The correct management of manure has thus become an important issue for farming activities (see, for instance, IPCC [1] ). Recently, the extraction of biogas in anaerobic digesters (AD) and its use onsite to produce energy have attracted much attention to potential achievements in terms of waste management, greenhouse gases (GHG) reduction and production of energy from renewable sources (see [2] for the development of biogas in EU member states).
Biogas can in fact be produced from nearly all kind of biological feedstock and be converted into different forms of energy (electricity or heat, but also mechanical energy in engines). The largest resources are animal manures, slurries and dedicated agricultural crops. The treatment of animal manure also allows avoiding nitrogen leaching, ammonia evaporation and pathogen contamination [3] and the digestate, the final residue of AD, can be used as a fertilizer [4, 5] .
Typically, manure management and AD plants are designed at the single farm level and these types of applications have been widely studied. For example, Tao and Mancl [6] presented a method to derive the amount of manure produced from the number of animals on-farm and the amount of land needed to dispose of it with respect to its nitrogen, phosphorus and potassium contents. The technical choices and costs related to on-farm management of manure have also been studied for several US production areas, together with the amount of land needed to dispose of manure nutrients [7] . On a more general level, Karkamar et al. [8] reviewed several examples of manure management decision support systems. By contrast, centralized management of manure is much rarer. Denmark is a pioneer in this respect thanks to a national plan that has been developed in 1995 and successfully carried on until nowadays [9] [10] [11] .
Our aim in this paper is to propose a method to evaluate the potential benefits of a cooperative management of manure. An important benefit that may derive from cooperative plants is the exploitation of economies of scale in the digesters and in the conversion units. On the other side, a cooperative plan requires some degree of coordination [12] .
We therefore formulate a mathematical problem to optimize the production of energy from manure via AD at district scale. As the plant capacity increases, economies of scale in capital equipment are realized, but energy costs of transportation also increase as manure and other substrates must be conveyed over longer distances to the plant site. This is particularly relevant for manure because of its high humidity and low energy content. Optimizing plant capacity on the basis of local biomass availability and of transportation distances is thus a key issue. The model allows comparing cooperative (or community) and individual conversion plants, by maximizing the energy produced on the basis of available biomass, road network, local heat demand, and availability of land for digestate disposal. Results are the optimal size and location of the plants as well as their collection basins. The study has been applied to the province of Forlì-Cesena, an Italian district where animal farming is one of the most important economic activities. The environmental impacts are assessed through relevant indicators: the impact on nitrogen budget, and GHG reduction. Finally, the consequences on the local agriculture system are evaluated comparing the land required to grow the corn silage needed for co-digestion to current land use.
The District of Forlì-Cesena
The district of Forlì-Cesena (Figure 1 ) belongs to Emilia-Romagna, an administrative region located in Northern Italy. The district covers an area of 2376 km 2 . The flat, hilly and mountainous areas account respectively for 29%, 43% and 28% of the total area of the district. The 2011 population was slightly more than 390,000 inhabitants [13] . The district's demand for electrical energy in 2010 was 1904 GWh [14] . The only plants producing electric energy within the district are a waste incinerator and few small hydroelectric plants. Assuming a GHG reduction equal to the national target established within the Kyoto Protocol (−6.5% of 1990 level), the district of Forlì-Cesena has to cut its emissions of about 80 Tg of CO 2eq (1990 emissions being 1384 Tg of CO 2eq ) [15] . This figure will be used here as a reference term, since more recent values are uncertain, particularly for the effects of the current economic crisis.
Agriculture, particularly fruit cultures and poultry farming, is a relevant part of the local economy [16] : 20% of the active firms work in this sector, while regional and national incidence is 16%. As shown in Table 1 , the 2010 total agricultural area amounts to 1431 km . Furthermore, 21% of the provincial usable agricultural area is devoted to arboriculture and 17% to pastures [17] . Poultry farming contributes to 57% of the provincial agricultural gross product. The main products are broilers (more than three fourth of the total gross product of the district), turkeys and some minor production (such as pigeons, pullets and laying hens and the production of eggs). Swine and bovine farming are also two relevant activities. The number of animal farms and their consistency are shown in Table 2 , while their specific location is in Figure 2 . 
Biomass Availability
The estimate of the theoretical potential of manure is taken from Make It Be [18] , an Intelligent Energy Europe project focused on assessing the potential of agricultural biomass. The amount of available bovine, swine and poultry manure was derived from the local statistics on animal farms and is listed in Table 3 for each municipality, together with the associated nitrogen load. The methane that can be produced by AD process has been determined for each type of manure and the unit yield are listed in Table 4 [18, 19] . The lower heating value assumed for methane is 38.2 MJ/m 3 [20] . 
Technological Paths for the Energy Conversion of Manure
The AD conversion process can take place at several plant capacities. In Germany, the leading country in farm-scale applications, there are almost 4000 plants below 1 MWe [21] . Centralized AD plants' capacities can go up to several MWe, this configuration is common in Denmark where biogas is produced in collective co-digestion units [10] . In general, animal manure collected from bovine, swine and poultry farms is co-digested with other biomass substrates in order to increase biogas production. Two different plant scales will be analyzed and compared:
-single parcel plants with a capacity below 1.04 MWe and -cooperative plants with a capacity larger than 1.04 MWe.
Furthermore, we assume that cooperative plants can be coupled with nitrogen removal technologies and specifically with gas stripping (see for instance [22] ). This technological solution is feasible only for cooperative plants because it is too expensive at small scales [23] .
The conversion plants have been modeled assuming the characteristics of some already in use in other areas. Specifically, the hypotheses concerning the relationship between the size and the efficiency of the plant, and the percentage of electrical and thermal self-consumption are listed in Table 5 .
According to the framework of the Make It Be project [18] , different types of plants have been considered, which work with different feedstock mixes. Type A uses poultry manure with a larger component of swine and bovine manure together with a 50% of corn silage. Type B plants do not use poultry manure and have a 70% of corn silage in their feedstock mix. The formulation presented later in Section 4 is however general and can take into account more plant types as well as other possible feedstock combinations, with the related biogas production rates. 
Nitrogen Disposal
Human activities have affected in many ways the natural nitrogen cycle. It is estimated that the amount of reactive nitrogen rose from about 15 to 187 Tg of gas from 1860 to 2005. Many processes regulating the complex nitrogen cycle still need to be clearly understood, and there are many uncertainties regarding nitrogen flows [24] . However the human alteration is acknowledged [25] and agriculture significantly contributes through the use of synthetic nitrogen fertilizers and the cultivation of legumes, all processes that fix nitrogen. Furthermore, N 2 O that is also released after fertilizer application [26] is an important GHG.
The 1991 Nitrates EU Directive (Directive 91/676/EEC) designates vulnerable zones (identified as areas of land which drain into polluted or threatened waters) and establishes, among other issues, compulsory measures to control nitrogen pollution. For example, it establishes a maximum amount of animal manure to be applied on cropland. Specifically, it fixes limits of 17 and of 34 Mg N organic/(km 2 year) in vulnerable and non-vulnerable zones, respectively.
Problem Formulation
The problem of optimizing energy production from a network of AD plants in a given territory can be formulated as a mathematical programming problem. The area under investigation must be first discretized in a number of homogeneous parcels, i.e., the distribution of different types of feedstock in each parcel is assumed to be uniform and the transportation distances within each parcel are supposed to be negligible, as far as the overall plan is concerned. In this framework, three types of decision variables can be defined: the amount z ijkh of feedstock of type k shipped from parcel i to a plant of type h in parcel j; the amount of digestate x ji transported back from plants in parcel j to some parcel i for disposal, and the binary variables y jh = 0,1 determining the presence or not of a plant of type h in parcel j. Note that the possibility of having more plants of the same type in a given parcels (for instance, where the availability of feedstock is particularly high) can be implemented by simply splitting such a rich parcel into two, without modifying the following formulation.
We assume the maximization of the energy produced in a given time unit, for instance one year, as the objective function. It can be written as:
where the first term represents the net energy produced by plants in parcel j, the second is the energy needed to transport the feedstock to the plants, and the third is the energy for disposing the digestate back to the fields.
More precisely:
-E Aj and E Bj are the net energy productions of plants type A and B in parcel j -e Fk is the energy for transporting one unit weight of feedstock of type k over a unit distance -d ij = d ji is the distance between parcel i and parcel j -e D is the energy for transporting a unit weight of digestate over a unit distance -x ji is the quantity of digestate produced in parcel j that is shipped back to parcel i.
The constraints of the problem are of different types: -Net energy production:
where α k and β k , k = 1,2,3, represent technical coefficients, i.e., the fractions of the different feedstock types for the correct functioning of a plant of type A and B. They include the lower heating value of the related feedstock as well as the overall plant efficiency (provided in Table 5 ) and the energy used for biomass procurement.
-Digestate production:
where α* k , k = 1,2,3, represent the conversion coefficients between mass of feedstock and mass of digestate (normally of the order of 80%-90%).
-Feedstock availability:
where D ik represents the availability of feedstock of type k in parcel i (thus in practice, the information analysed in the Section 2.1) -Plant scale: where γ i , i = 1, 2, 3 are the proportions of different feedstocks that must be maintained in each type of plant to obtain the best performances. For instance, in the case study that follows, green biomass (k = 3) must be 2.3 times bovine and swine manure (k = 2) for type B plants.
-Disposal feasibility:
where N i indicates the amount of nitrogen (measured in units of digestate mass) that can be safely disposed of in parcel i, and thus must be larger than the total digestate transported to i from all plants. This may represent, for instance, the compliance with the European Nitrate Directive (91/676/EEC).
Problem (1-7) is thus a Mixed Integer Linear Program. In the application considered in the following, the overall number of parcel is 30, while the parcels where a cooperative plant can be located (i.e., of those with a sufficiently high heat demand) are 16. The number of binary variables is thus 24 (there are two types of plants). The number of real variables (the amount of each feedstock shipped from any parcel to those where a plant of type A or B can be located) is thus 3 × 30 × 16 × 2 plus other 30 × 30 for the shipping of the digestate, i.e., slightly less than four thousands. Such a number, which can be handled by many commercial software packages, can be reduced in various ways. Some parcels may not have one or more type of feedstock, or shipping of digestate above a certain distance (assumed 30 kilometers in the case study) may not be allowed. It is also interesting to note that, while the size of each plant can be formally considered as a decision to be taken, it does not correspond to a real decision variable since it can be computed with an equality from the amount of biomass reaching the plant [see Equation (2) ]. In quite the same way, Equation (6) allows us to determine, for each plant, the amount of one feedstock type in terms of the others. This means that there is a further reduction of the actual degrees of freedom equal to the number of possible plants.
Results
The optimization model presented in the previous section has been applied to the province of Forlì-Cesena to describe the full chain of biomass to energy. The model was applied to the cooperative plants and single parcel plants characterized in Section 3. In both cases, biomass is given by all the available manure from swine, bovine and poultry farming, as estimated in Section 2.1. Furthermore, we assume that corn silage needed to co-digest manure in AD plants is available in the quantity needed for the AD process. This assumption will be discussed in the final section.
The energy needed to grow corn silage accounts for all needed farming operations [27, 28] . Transport distances between municipalities have been derived from the map of the existing road network. The energy cost of transporting biomass is different for corn silage [27] and for manure [29] .
Together with energy performance of the system, the model can also provide a carbon balance. The net energy produced may replace an equivalent energy based on fossil fuel, thus sparing the related CO 2 emissions. On the other hand, feedstock transport involves a certain amount of GHG emissions, but there are some sources of GHG emissions (notably N 2 O emissions caused by the use of fertilizers) that must be explicitly added since they do not appear in the energy budget. To compute spared emissions, we have assumed that the thermal energy from the cooperative plants substitutes that produced by a methane boiler with 80% efficiency (some heating system in Italy works with a much lower efficiency and thus the estimation is definitely conservative) and that the electric energy replaces that of the national grid, again produced from natural gas with an average efficiency of about 39%. We also accounted for the additional emission for unutilized manure and from corn silage cultivation. Specifically, emissions from corn silage are due to farming machines, used for its cultivation and to fertilizer production and application. Emissions from fertilizers are due both to energy requirements for their production and to N 2 O emissions after application [26] [27] [28] .
Cooperative Plants
For the case of cooperative plants, the maximum size of the plants was not constrained, while their minimum size was set to 1 MWe. The optimization results suggest the construction of three facilities in the municipalities of Cesena, Forlì and Meldola with an installed capacity between 1 and 3 MWe. Table 6 shows the details of such results. As apparent from the figures in Table 6 , the energy balance is largely positive and the plan may provide about 26% of the electric energy used in the agricultural sector (218 GWh in 2010 [14] ). The location and supply basins of the three plants are shown in Figure 3 . The cooperative plants produce 19.7 million m 3 of biogas from manure and corn silage. All the swine and cattle slurry available is used together with 26,400 Mg of poultry manure, which means about 35% of that available still needs to be disposed of. Table 7 reports where this surplus exists. The reason why poultry manure is not completely utilized is twofold: either the municipality is too far from the cooperative plant and thus the additional energy from manure digestion does not pay for the energy needed for transport (see their location in Figure 3 ) or plant dimension is constrained by the lack of some other component of the required feedstock mix. The overall energy for transport is just 1.9% of the net production and thus has a very low impact on the overall budget, even if the road network plays an important role in determining plant location and manure shipment. For instance, plants are located in the plain north-eastern part of the province, easier to access than the mountainous area on the opposite side.
A portion of the transport energy is due to the additional assumption that also the corn silage is produced in the same municipality as the manure and thus must be shipped to the plants at a certain energy cost. This hypothesis, that in practice translates into applying Equation (6) also to each municipality i, has a double justification. First, the production of corn silage is distributed over the entire district instead of being concentrated close to the plants, producing a more even and acceptable impact on current land use. Second, it allows for an easier comparison with the distributed production scenario that will be analysed in the next section. Additionally, the improvement that may be expected by an intensive cultivation around the plants is less than 1% of the energy budget.
It must be noted that, despite the high thermal auto-consumption of these plants, there is still a net heat production, which must find a suitable demand to be effectively used. This means that the plants have to be built within a small distance (one kilometer or so) to an agro-industrial plant or a small district heating system that may exploit the available heat. 
Environmental Impacts
As to the nitrogen balance, cooperative plants can be equipped with nitrogen stripping devices to remove it from the digestate. The residues of such plants can thus be disposed of without specific constraints and sometimes can also be sold for their properties as soil amendments. Therefore, the only nitrogen that has to be disposed of is the one coming from the poultry manure that has not been used to produce energy. Its amount is reported in Table 7 , and is low enough to be spread on the soil of each municipality without transgressing the normative constraints. Even if nitrogen stripping is not applied (nitrogen to be disposed of coincides with the total in Table 3 ), the only change is that less than 450 Mg N/year must be sent from Meldola to the neighboring municipality of Civitella di Romagna, with a negligible decrement of the energy budget.
The GHG balance mostly resembles the energy one. All GHG flows are presented in Table 9 . Its analysis is particularly interesting because it shows the importance of evaluating the plan as a whole and not at the scale of individual municipality. In all but three areas, where the transformation plants are located, the carbon balance is clearly negative meaning that emission of CO 2eq due to corn silage cultivation or to excess poultry manure disposal are not compensated. On the contrary, in the three municipalities with the plants, the avoided emissions largely exceed all those related to the feedstock supply chain and thus the overall balance of the plan is extremely positive: avoided emissions are more than nine times those caused by the implementation of the plan. The overall result of about 51 Tg of avoided GHG emission per year would represent more than 64% of the required reduction computed on 1990 data (about 80 Tg CO 2eq ).
Single Parcel Plants
To understand the role of the various components of the proposed plan and its sensitivity to some of the assumptions, a more classical scenario has been considered, where feedstocks have been supposed to be utilized within each parcel, thus disregarding transportation costs, but also reducing the size and thus the efficiency of the AD plants. The solution obtained under this scenario is depicted in Figure 4 . It appears that 18 municipalities do not have enough feedstock to reach a minimum size of 110 kWe (under which plants are not convenient), at least for some of the required components of the mix. Some of them are indeed very small in size, as shown in Figure 4 . Under this scenario, which is better detailed in Table 10 , the net system energy is still highly positive (about 22% of the overall electric energy used in the agricultural sector), but is 13% less than in the preceding case, despite no energy is used for transportation. 
Environmental Impacts
Each plant produces a certain amount of nitrogen residual in the digestate. Table 12 shows the amount of nitrogen to be disposed within each municipality (since it is partly due also to unused manure, it differs from zero also in parcels where plants are not planned), and the nitrogen allowed for spreading on cropland (last column).
The analysis of these values shows that, at current level, nitrogen disposal does not constitute a problem since cropland where it can be spread is available in all municipalities. This represents a particularly lucky situation of the province, since the same freedom would not be allowed in other areas of Northern Italy. For instance, in the province of Cremona, two hundred kilometers from the area under consideration, the problem is very critical: there, bovine animal farming is predominant and the amount of manure to be disposed of is more than 7 Tg per year [29] , i.e., more than ten times that produced in Forlì-Cesena.
As for the GHG, the balance is again close to the energy one (Table 13 ). The decrease of transportation emissions does not balance the reduction in those related to energy, so also for GHG the cooperative solution proves to be superior. Obviously, 18 municipalities have a negative balance, meaning that they have to dispose the manure with the consequent CO 2eq emissions without any energy production. They represent about 8% of the overall energy budget and thus there is indeed a strong incentive for them to build one or more cooperative plants. 
Discussion and Conclusions
The method presented in this work allows determining the size, and location of anaerobic digestion plants as well as their supply basins. The deployment of the cooperative solution would produce a positive net energy and a reduction of GHG emissions higher than in the individual parcel case, without negative impacts on the nitrogen balance. Community plants may also justify the presence of specialized personnel and can thus be easier to manage than a single farm plant, the operation of which may be difficult for the farmers [30] . In the cooperative plan, energy for transportation is only a minor term of the balance and thus the definition of the optimal localization is not very critical: a small shift to a nearby location that appears preferable for other criteria (availability of the area, social acceptance, etc.) does not change significantly the results obtained.
On the other hand, both plans would have a certain impact on agricultural activities. The cooperative plan requires in fact some 115,000 Mg of corn silage, while slightly more than 100,000 would be necessary to feed the single parcel plants. In the Pianura Padana where the province under consideration is located, a typical corn yield is around 50 t/ha. The foreseen plans would thus require that an area between 20 and 23 km 2 would be dedicated to grow corn silage. Such a surface constitutes only 2.5% of the agricultural area presently in use or 4% of the sowable land or about half of the cropland currently non used. It thus seems that the impact on current agricultural practice and on the typical local landscape can be minor.
The proposed approach is general and studies exist for similar applications and similar complexity, for example for the exploitation of forest biomass [31] or for corn-based ethanol plants [32] . Solutions can be rapidly obtained by current software packages but are strictly site-specific, since they depend on several local factors such as biomass availability, local demand for energy, road network and so on. Furthermore, the proposed approach allows deriving many values of interest for a complete evaluation of the plan. For instance, from the total weight to be shipped to each plant, one may derive the necessary number of trucks and thus judge about the local increase of traffic. For the Forlì plant in the cooperative solution, one may estimate some 6-10 trips per day, depending on the dimension of the trucks.
Despite the peculiarities of many of the assumptions, we believe that in farming areas of the dimensions considered here, the results should continue to show that the digestion of various manure types can give a highly positive energy and environmental contribution, and indeed in many regions the number of such plants is rapidly increasing.
